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Abstract

Recent studies have identified that the myodural bridge (MDB) is located between the sub-

occipital muscles and cervical dura mater in the posterior atlanto-occipital interspace within

humans. The myodural bridge has been considered to have a significant role in physiologi-

cal functions. However, there is little information about the myodural bridge in marine mam-

mals; we conducted this study to investigate and examine the morphology of the myodural

bridge in a sperm whale. We also aim to discuss the physiological functions of the myodural

bridge. In this study, a 15.1-meter long sperm whale carcass was examined. Multiple meth-

ods were conducted to examine the bridges of the sperm whale which included dissection,

P45 plastination and histological analysis. This study confirmed the existence of the myo-

dural bridge in the sperm whale and shows there are two types of the bridge in the sperm

whale: one type was the occipital-dural bridge (ODB), the other type was the MDB. A large

venous plexus was found within the epidural space and this venous plexus is thought to con-

tain a great amount of blood when in deep water and thus the movements of suboccipital

muscles could be a unique power source that drives cerebrospinal fluid circulation.

Introduction

The suboccipital region is one of the most complicated areas of the human body. As the con-

nection of the head and neck, it plays important roles in head movement and in nervous

impulse transmission of the brain and spinal cord. A bridge connecting the suboccipital mus-

culature and cervical dura mater was found in the atlanto-occipital interspace by Kahn [1],

and termed the “myodural bridge (MDB)” by Hack [2]. The MDB was first described as an

anatomical bridge, which bridges the epidural space between the rectus capitis posterior minor

(RCPmi) and the cervical dura mater. A few years later, the existence of the MDB had been

observed between the cervical dura matter and multiple suboccipital muscles including the

RCPmi, the rectus capitis posterior major (RCPma) and the obliquus capitis inferior (OCI)

[3]. The existence of bridges between the nuchal ligament (NL) and the dura mater is contro-

versial as researchers debate its source [4–8].
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Recently, several researchers have focused on the MDB and the results suggest that the

MDB is physiologically important rather than just acting as fixation points of the spinal dura

mater. The MDB actively and passively anchors the cervical dura, which prevents the infolding

of the dura mater whenever the subocciptal muscles hyperextend [9–15]. The MDB transmits

the tensile forces of the suboccipital muscles’ movements to the cervical dura and modulates

the velocity as well as the quantity of the cerebrospinal fluid (CSF) circulation/movement.

Therefore the MDB could be taken as a power source of the CSF circulation/movement [8, 15–

18]. Malformation and injuries of the RCPmi cause functional disorder of the MDB which

contributes to the pathogenesis of cervicogenic headache [19–24].

The fact that MDB exists universally in mammals has been reported only in a few studies so

far. Our previous studies have proved the existence of the MDB in seven terrestrial mammal

orders [25], one reptilian species (the siamensis crocodile) [26] and six finless porpoise (Neo-
phocaena phocaenoides) [27]. The objective of this study is to examine the morphology of the

MDB within other marine mammals and to discuss possible physiological functions from an

evolutionary perspective.

Material

A 15.1-meter long sperm whale was acquired opportunistically examined in this study from

stranding with the permission of Chinese Authorities for Animal Protection. It died naturally

in the beache of Nantong (Jiangsu province, China). The cadaver was permitted for scientific

research under the approval of the Ethics Committee of Dalian Medical University. The dead

body of the collected sperm whale was perfused with 15% formalin solution for subsequent

experiments. There were two main ways to the process of perfusion: the first way was arterial

perfusion through the common carotid arteries of the sperm whale. The second way was local

injection, which was a supplementary perfusion when arterial perfusion was insufficient. The

perfusion effect was evaluated by the filling degree of the sperm whale’s skin. Additionally,

during the procedure of perfusion, we applied local injection of 15% formalin wherever forma-

lin leakage was observed all over the body. The total consumption of 15% formalin was about

10 tons. The formal experiment took place after 12 months’ formalin fixation.

Methods

Dissection of suboccipital region

We conducted a layer-by-layer dissection of the neck from the dorsal midline of the carcass to

explore the morphology of the RCDmi. We simultaneously started another layer-by-layer dis-

section from the right side of the neck to the dorsal midline. Gradually removing the skin, the

subcutaneous fascia and the posterior occipital muscles, until the capsule of the atlanto-occipi-

tal joint was exposed. Afterwards we opened the capsule with a fenestration method to observe

the inner structures of the atlanto-occipital joint including the occipital condyles and the

attached soft tissue. Inside of the articular cavity, we removed the attached soft tissue in sagittal

plane to observe the connection between the suboccipital muscles and the cervical dura mater.

We then removed the attaching soft tissue from the intercondylar fossa of the occiput to the

first thoracic vertebra, exposing the atlanto-occipital interspace and neighboring sclerous

tissue.

P45 sheet plastination

The carcass of sperm whale was sliced in the sagittal plane for a P45 sheet plastination. Ana-

tomical structures of the posterior occipital region and connections between the suboccipital
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muscles and the cervical dura mater were observed. The brief experimental procedure is

described below (Sui 2006). 3 mm transverse slices of the perfused specimens of the head and

neck were made from side to side with a high-speed band saw. All the slices were bleached in

5% dioxogen overnight and dehydrated for casting with Hoffen polyester P45 (Dalian Hoffen

Bio-Technique Co. Ltd., Dalian, P. R. China). After casting, the forced impregnation was made

in a vacuum box and the absolute pressure was slowly decreased to 20, 10, 5, and 0 mmHg.

Last, the sheets were cured using a heated water bath and were placed upright in the water

bath at 40˚C for 3 d. After curing, the sheets were removed from the bath and cooled to room

temperature. Slices were then protected for observation and photograph.

Histology of hematoxylin and eosin staining (HE)

The perfused sperm whale was dissected along the median sagittal plane to isolate a unit that

included the MDB with the RCDmi, the posterior atlanto-occipital membrane and the spinal

dura mater. Tissue blocks with thickness of 12–15 um and were dissected for Hematoxylin and

Eosin staning.

All sections were dehydrated with ethanol and xylene and infiltrated with melted paraffin

wax. The sections were then embedded in the filled mold and shaped when it had cooled to

room temperature. A rotary microtome was conducted to make 6-μm-thick sections; the glass

microscope slides were prepared for rehydration and staining with hematoxylin and eosin.

Results

Anatomy of the suboccipital region

The musculus rectus capitis dorsalis minor (RCDmi). The sperm whale’s head is

approximately 1/4 of its body length. The occiput and the occipital squama are positioned cor-

onally and are almost perpendicular to the spine. The spinal cord was short and composed of

two cervical vertebrae, including the atlas and the fused vertebra (C2) (Fig 1A). The upper

boundary of the atlanto-occipital interspace was the caudal edge of the occipital squama; the

lower boundary was the cranial edge of the atlas arch (Fig 1A). The atlanto-occipital interspace

was enclosed by the dorsal atlanto-occipital membrane (DAOM), which originates from the

upper boundary and terminated at the lower boundary of the atlanto-occipital interspace. The

dorsal atlanto-occipital membrane continued with the capsule of the atlanto-occipital joint

bilaterally (Fig 2).

According to the gross anatomy, the suboccipital muscles are located in dorsum of the cer-

vical spine and in the lower occipital squama and the majority of the muscle bundles lie in the

sagittal plane. The RCDmi originates from the dorsal part of the occipital squama and termi-

nates at the dorsum of the atlas. The deep muscle bundles of the RCDmi covers the dorsal

atlanto-occipital interspace above the dorsal atlanto-occipital membrane and a large amount

of connective tissue was found amongst the muscle intervals (Fig 2).

The dorsal atlanto-occipital membrane (DAOM). Covered by the RCDmi, the dorsal

atlanto-occipital membrane originates from the outer periosteal surface of the occiput and ter-

minates at the dorsal arch of the atlas; it covers and closes the dorsal atlanto-occipital inter-

space. The middle part of the DAOM is thick and dense and both ends are thin and loose. The

tissue of the DAOM runs bilaterally and continues with the capsule of the atlanto-occipital

joint (Fig 3). The dorsal part of the DAOM fuse with the connective tissue in intervals of mus-

cle bundles of the RCDmi.

The myodural bridge (MDB) and the occipital dural bridge (ODB). To reveal the

MDB, we dissected the cranial end of the DAOM and opened the atlanto-occipital interspace,

which exposed the spinal canal. Along the median line, the DAOM gives off a dense bundle of

The myodural bridge of the sperm whale
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fibers that form a sagittally-oriented sheet of fascia running ventrally and terminating at the

dura mater, this is the MDB. For the ODB, we found that at the intercondylar fossa, the perios-

teal surface of the occiput is incrassated and in sagittal orientation with sheet-like fascia run-

ning ventrally and finally fusing with the spinal dura mater. The ODB is at the cranial end of

the MDB in the atlanto-occipital interspace. We found that the epidural space of the sperm

whale was predominantly broad and was densely filled with a venous plexus. (Fig 3)

P45 plastination of the MDB and the ODB

Based on the observation of the P45 plastination sheets, the DAOM is composed of a large

amount of randomly orientated fibers and gives off dense sheet-like fascia orientates ventrally

which connects to the dura mater and aids in the formation of the MDB (Fig 4A, marked as

“▲”). In addition, some of the sagittal fibers of the occipital periosteum compose the ODB;

these fibers continue ventrally and form sheet-like fascia connecting to the dura mater (Fig 4B,

marked as “▲”).

The histology of the MDB and the SDM

According to the HE staining, the dura mater have two layers, the fibers of the inner layer cir-

cle around the spine and the outer layer shows its fibers orienting parallel with the spine. The

Fig 1. A basic sperm whale osteology model highlighting the enlarged skull and short cervical vertebrae (A). A photograph showing occiput (occi), atlas (C1), the fused

vertebra (C2), and the atlanto-occipital interspace of the sperm whale (B). 1, scapula. 2, fin bone. 3, cervical vertebrae. occi, the occiput. C1, atlas. C2, the fused vertebra.

☆, the atlanto-occipital interspace.

https://doi.org/10.1371/journal.pone.0200260.g001
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fibers of the outer layer predominantly aggregate at the dorsal and ventral aspects of the dura

mater and forms two funicular fibrous bundles along with the spine. Both of the lateral aspects

of the dura mater are only covered by the fibers of the inner layer and the spinal nerves are

found to break here. Dorsal to the dura mater, the fibers of the MDB (Fig 4C, marked as “▲”)

divide into two funicular fiber bundles and wrap around the dorsal funicular bundle of the

dura matter and finally fuse with the inner layer fibers of the dura mater. (Fig 4C and 4D)

Fig 2. The posterolateral view of subocciptal musculature and connective tissue in the atlanto-occipital interspace

showing occiput (occi), the musculus rectus capitis dorsalis minor (RCDmi), the dorsal atlanto-occipital

membrane (DAOM), atlas (C1) and the the capsule of the atlanto-occipital joint (o.c.). occi, the occiput. RCDmi,

the musculus rectus capitis dorsalis minor. DAOM, the dorsal atlanto-occipital membrane. C1, atlas. o.c., the capsule

of the atlanto-occipital joint.

https://doi.org/10.1371/journal.pone.0200260.g002
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Discussion

Ever since the discovery of the human MDB in 1995 [2], studies from various perspectives

have been done to verify the existence of and elucidate the physiological functions of the struc-

ture. In humans the MDB has been confirmed to exist between the deep suboccipital muscles,

which includes the RCPmi [1, 2, 10, 28, 29], RCPma [13, 14, 29], OCI [12, 15, 29] and the cer-

vical dura mater. The MDB has been found in the suboccipital region of quadrupedal terres-

trial mammals, which includes cats, rats, dogs, rabbits, guinea pigs, macaques, and mandrill

[25], as well as one reptilian species (the siamensis crocodile) [26]. Regarding marine mam-

mals, we recently confirmed the existence of the MDB in the finless porpoise (Neophocaena
phocaenoides) [27]. In this study, we confirmed the existence of the MDB in the sperm whale

via multiple research methods. Unlike the terrestrial mammals, the sperm whale lives in the

ocean and can dive to great depths. It features a very large head that accounts for 1/4~1/3 of

the body length. Like many other whales and dolphins, the head of sperm whales has restricted

movement because the cervical vertebrae (C2-C7) are fused [30]. According to our gross anat-

omy results there are two types of bridge both with different origins: the ODB which originates

from the periosteal surface of the occiput and fuses with the dura mater. Since the periosteum

of the occiput is tough and tenacious, the primary function of the ODB presumably is for fixa-

tion of the dura mater to stabilize the spinal cord. The other type of bridge (the MDB) origi-

nates from the RCDmi and may function to transmit the tensile forces from the RCDmi to the

dura mater. It may also synergistically stabilize the dura mater as well as the spinal cord along

with the ODB. The results of the P45 plastination and histological staining confirmed the

Fig 3. A photograph (A) and a model image (B) of the dissected connective bridges showing occiput (occi), the musculus rectus capitis dorsalis

minor (RCDmi), the dorsal atlanto-occipital membrane (DAOM), the occipital dural bridge (ODB), the myodural bridge (MDB), and spinal dura

mater (SDM). occi, the occiput. RCDmi, the musculus rectus capitis dorsalis minor. DAOM, the dorsal atlanto-occipital membrane. ODB, the

occipital dural bridge. MDB, the myodural bridge. SDM, spinal dura mater.

https://doi.org/10.1371/journal.pone.0200260.g003
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functional speculation of the MDB the in sperm whale; the fibers of the MDB divided into two

bundles and wrapped around the dorsal funicular fiber bundle of the dura mater and fused

with both lateral parts of the cervical dura mater. Furthermore, the sperm whale only has the

atlas and the fused vertebra (C2-C7) as its cervical vertebrae. The MDB only exists in the

atlanto-occipital interspace; no MDB-like tissue was found in the atlanto-axial interspace. Col-

lectively, these findings indicate that the sperm whale has a uniquely structured MDB and

ODB when compared to terrestrial mammals. The periosteum of the occiput gives the anatom-

ical origin of the ODB.

There are a variety of viewpoints concerning the function of the myodural bridge. Hack

et al. [2] speculated that it protected the dura mater and spinal cord. They also stated that verti-

cal fiber arrangement of the myodural bridge prevents infolding of the dura mater. Rutten

et al. [10] proposed that the myodural bridge could maintain the flow of the CSF in the sub-

arachnoid cavity and cerebellomedullary cistern during head movement. McPartland et al.

[31] verified that the rectus capitis posterior minor muscle could prevent the infolding of the

dura mater during head movement, which may inhibit CSF flow. In addition, McPartland

et al. [31] and the study by Humphreys et al. [6] postulated that the MDB is implicated in cer-

vicocephalic headaches; they found that the injured MDB could subsequently alter the volume

of the subarachnoid space and attenuate the buffering of the cord impingement. Scali et al. [12,

15, 29] and Pontell et al. [13] also suggest that the myodural bridge is related to the

Fig 4. The transverse sectional view of the connective bridges and a model image. A: P45 sheet plastination slice of the the myodural bridge (MDB). B: P45

plastination slice of the the occipital dural bridge (ODB). C: Hematoxylin-Eosin slice of the the myodural bridge (MDB). D: a model highlighting the the

musculus rectus capitis dorsalis minor (RCDmi), the dorsal atlanto-occipital membrane (DAOM), the myodural bridge (MDB), the venous plexus, the dura

mater and the spinal nerve. periosteum of occi, periosteum of the occiput. RCDmi, the musculus rectus capitis dorsalis minor. DAOM, the dorsal atlanto-

occipital membrane. ODB, the occipital dural bridge. MDB, the myodural bridge. SDM, spinal dura mater. d. dura, the dorsal dura. v. dura, the ventral dura. s.

nerve, the spinal nerve. v. plexus, venous plexus.▲, the fibers of the ODB and MDB.

https://doi.org/10.1371/journal.pone.0200260.g004
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maintenance of CSF outflow from the cisterna magna by maintaining the integrity of the sub-

arachnoid space. Recently, Sui et al. [16] and Zheng et al. [8] proposed a new hypothesis

addressing CSF circulation. They proposed that when the rectus capitis posterior minor con-

tracted, the dura mater was pulled by the myodural bridge and thereby altering the subarach-

noid volume and creating negative pressure. As a result, the CSF circulation could be affected

by these changes; they advocated that this effect of the myodural bridge acts as an important

source for CSF circulation. Xu et al. [17] investigated the CSF flow before and after head rota-

tion using a phase-contrast cine magnetic resonance imaging method. They demonstrated

that head rotation affected the mean velocity, flow rate and flow direction of CSF at the occipi-

tocervical junction.

In humans, it is known that a venous plexus surrounds the cervical dura mater within the

epidural space and in this study we found an extensive venous plexus within the sperm whale.

Studies involving the use of sonar tracking and attached time-depth recorders found that the

sperm whales could dive as deep as 1,000 meters. Consequeantly, sperm whales can experience

100 times the pressure that they do at surface. Whales usually have mass specific blood vol-

umes that are three to four times those found in terrestrial mammals [32]. With the extreme

crushing pressure, the venous plexus would be filled with great amount of blood and thus dra-

matically increase the pressure inside the spinal tube; this may significantly slow down the

flow rate of the CSF circulation/movement [33–35]. Sperm whales also lower their heart rate

when diving to depths which allows them to maintain moderate blood flow; however pulsa-

tions of the arteriesremain slow [32, 36–38]. When sperm whales swim at great depths, the

MDB of these animals may contribute to transfering the tensile forces from the suboccipital

muscles to the cervical dura mater and thereby continuously altering the volume of the sub-

arachnoid space, acting as a unique mechanism to circulate the CSF. This is strong evidence to

support our previous hypothesis that head movements have an important contribution to CSF

circulation.

In this study, we have reported that there are two types of bridge-like tissue (MDB and

ODB) existing between the RCDmi and the cervical dura mater within sperm whales. The

sperm whale is one of the largest marine mammals, the existence of the MDB and ODB in this

animal suggests that the anatomical bridge connecting the suboccipital muscles and the cervi-

cal dura mater may have been highly conserved during mammalian evolution and these find-

ings collectively provide supportive information for studying the physiological function of

human MDB.
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1. Kahn JL SH, Kortiké JG. Les espaces intervertébraux postérieurs de la jointure crânio-rachidienne.

Acta Anat144:65–70. 1992; 144:65–70.

2. Hack GD, Koritzer RT, Robinson WL, Hallgren RC, Greenman PE. Anatomic relation between the

rectus capitis posterior minor muscle and the dura mater. Spine. 1995; 20(23):2484–6. PMID:

8610241.

3. Palomeque-Del-Cerro L, Arraez-Aybar LA, Rodriguez-Blanco C, Guzman-Garcia R, Menendez-Apari-

cio M, Oliva-Pascual-Vaca A. A Systematic Review of the Soft-Tissue Connections Between Neck Mus-

cles and Dura Mater: The Myodural Bridge. Spine. 2017; 42(1):49–54. https://doi.org/10.1097/BRS.

0000000000001655 PMID: 27116115.

4. Johnson GM, Zhang M, Jones DG. The fine connective tissue architecture of the human ligamentum

nuchae. Spine. 2000; 25(1):5–9. PMID: 10647153.

5. Dean NA, Mitchell BS. Anatomic relation between the nuchal ligament (ligamentum nuchae) and the

spinal dura mater in the craniocervical region. Clinical anatomy. 2002; 15(3):182–5. https://doi.org/10.

1002/ca.10001 PMID: 11948951.

6. Humphreys BK, Kenin S, Hubbard BB, Cramer GD. Investigation of connective tissue attachments to

the cervical spinal dura mater. Clinical anatomy. 2003; 16(2):152–9. https://doi.org/10.1002/ca.10109

PMID: 12589671.

7. Nash L, Nicholson H, Lee AS, Johnson GM, Zhang M. Configuration of the connective tissue in the pos-

terior atlanto-occipital interspace: a sheet plastination and confocal microscopy study. Spine. 2005; 30

(12):1359–66. PMID: 15959363.

8. Zheng N, Yuan XY, Li YF, Chi YY, Gao HB, Zhao X, et al. Definition of the to be named ligament and

vertebrodural ligament and their possible effects on the circulation of CSF. PloS one. 2014; 9(8):

e103451. https://doi.org/10.1371/journal.pone.0103451 PMID: 25084162; PubMed Central PMCID:

PMC4118883.

9. Shinomiya K, Dawson J, Spengler DM, Konrad P, Blumenkopf B. An analysis of the posterior epidural

ligament role on the cervical spinal cord. Spine. 1996; 21(18):2081–8. PMID: 8893431.

10. Rutten HP, Szpak K, van Mameren H, Ten Holter J, de Jong JC. Anatomic relation between the rectus

capitis posterior minor muscle and the dura mater. Spine. 1997; 22(8):924–6. PMID: 9127929.

11. Kulkarni V, Chandy MJ, Babu KS. Quantitative study of muscle spindles in suboccipital muscles of

human foetuses. Neurology India. 2001; 49(4):355–9. PMID: 11799407.

12. Scali F, Marsili ES, Pontell ME. Anatomical connection between the rectus capitis posterior major and

the dura mater. Spine. 2011; 36(25):E1612–4. https://doi.org/10.1097/BRS.0b013e31821129df PMID:

21278628.

13. Pontell ME, Scali F, Enix DE, Battaglia PJ, Marshall E. Histological examination of the human obliquus

capitis inferior myodural bridge. Annals of anatomy = Anatomischer Anzeiger : official organ of the Ana-

tomische Gesellschaft. 2013; 195(6):522–6. https://doi.org/10.1016/j.aanat.2013.04.013 PMID:

23867598.

14. Pontell ME, Scali F, Marshall E, Enix D. The obliquus capitis inferior myodural bridge. Clinical anatomy.

2013; 26(4):450–4. https://doi.org/10.1002/ca.22134 PMID: 22836789.

15. Scali F, Pontell ME, Enix DE, Marshall E. Histological analysis of the rectus capitis posterior major’s

myodural bridge. The spine journal : official journal of the North American Spine Society. 2013; 13

(5):558–63. https://doi.org/10.1016/j.spinee.2013.01.015 PMID: 23406969.

16. Sui HJ, Yu SB, Yuan XY, Gao HB, Xu Q, Li XF. Anatomical study on the connections between the sub-

occipital structures and the spinal dura mater. Chinese journal of clinical anatomy. 2013; 31:489–90.

17. Xu Q, Yu SB, Zheng N, Yuan XY, Chi YY, Liu C, et al. Head movement, an important contributor to

human cerebrospinal fluid circulation. Scientific reports. 2016; 6:31787. https://doi.org/10.1038/

srep31787 PMID: 27538827; PubMed Central PMCID: PMC4990938.

The myodural bridge of the sperm whale

PLOS ONE | https://doi.org/10.1371/journal.pone.0200260 July 9, 2018 9 / 11

http://www.ncbi.nlm.nih.gov/pubmed/8610241
https://doi.org/10.1097/BRS.0000000000001655
https://doi.org/10.1097/BRS.0000000000001655
http://www.ncbi.nlm.nih.gov/pubmed/27116115
http://www.ncbi.nlm.nih.gov/pubmed/10647153
https://doi.org/10.1002/ca.10001
https://doi.org/10.1002/ca.10001
http://www.ncbi.nlm.nih.gov/pubmed/11948951
https://doi.org/10.1002/ca.10109
http://www.ncbi.nlm.nih.gov/pubmed/12589671
http://www.ncbi.nlm.nih.gov/pubmed/15959363
https://doi.org/10.1371/journal.pone.0103451
http://www.ncbi.nlm.nih.gov/pubmed/25084162
http://www.ncbi.nlm.nih.gov/pubmed/8893431
http://www.ncbi.nlm.nih.gov/pubmed/9127929
http://www.ncbi.nlm.nih.gov/pubmed/11799407
https://doi.org/10.1097/BRS.0b013e31821129df
http://www.ncbi.nlm.nih.gov/pubmed/21278628
https://doi.org/10.1016/j.aanat.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23867598
https://doi.org/10.1002/ca.22134
http://www.ncbi.nlm.nih.gov/pubmed/22836789
https://doi.org/10.1016/j.spinee.2013.01.015
http://www.ncbi.nlm.nih.gov/pubmed/23406969
https://doi.org/10.1038/srep31787
https://doi.org/10.1038/srep31787
http://www.ncbi.nlm.nih.gov/pubmed/27538827
https://doi.org/10.1371/journal.pone.0200260


18. Yuan XY, Yu SB, Li YF, Chi YY, Zheng N, Gao HB, et al. Patterns of attachment of the myodural bridge

by the rectus capitis posterior minor muscle. Anatomical science international. 2016; 91(2):175–9.

https://doi.org/10.1007/s12565-015-0282-1 PMID: 25859757.

19. Alix ME, Bates DK. A proposed etiology of cervicogenic headache: the neurophysiologic basis and ana-

tomic relationship between the dura mater and the rectus posterior capitis minor muscle. Journal of

manipulative and physiological therapeutics. 1999; 22(8):534–9. https://doi.org/10.1016/S0161-4754

(99)70006-0 PMID: 10543584.

20. Bogduk N. Cervicogenic headache: anatomic basis and pathophysiologic mechanisms. Current pain

and headache reports. 2001; 5(4):382–6. PMID: 11403743.

21. Hack GD, Hallgren RC. Chronic headache relief after section of suboccipital muscle dural connections:

a case report. Headache. 2004; 44(1):84–9. https://doi.org/10.1111/j.1526-4610.2004.04015.x PMID:

14979889.

22. Tagil SM, Ozcakar L, Bozkurt MC. Insight into understanding the anatomical and clinical aspects of

supernumerary rectus capitis posterior muscles. Clinical anatomy. 2005; 18(5):373–5. https://doi.org/

10.1002/ca.20106 PMID: 15971221.

23. Fernandez-de-Las-Penas C, Cuadrado ML, Arendt-Nielsen L, Ge HY, Pareja JA. Association of cross-

sectional area of the rectus capitis posterior minor muscle with active trigger points in chronic tension-

type headache: a pilot study. American journal of physical medicine & rehabilitation. 2008; 87(3):197–

203. https://doi.org/10.1097/PHM.0b013e3181619766 PMID: 18174844.

24. Yuan XY, Yu SB, Liu C, Xu Q, Zheng N, Zhang JF, et al. Correlation between chronic headaches and

the rectus capitis posterior minor muscle: A comparative analysis of cross-sectional trail. Cephalalgia :

an international journal of headache. 2016. https://doi.org/10.1177/0333102416664775 PMID:

27534669.

25. Zheng N, Yuan XY, Chi YY, Liu P, Wang B, Sui JY, et al. The universal existence of myodural bridge in

mammals: an indication of a necessary function. Scientific reports. 2017; 7(1):8248. https://doi.org/10.

1038/s41598-017-06863-z PMID: 28811472; PubMed Central PMCID: PMC5557938.

26. Zhang JH, Tang W, Zhang ZX, Luan BY, Yu SB, Sui HJ. Connection of the Posterior Occipital Muscle

and Dura Mater of the Siamese Crocodile. Anatomical record. 2016; 299(10):1402–8. https://doi.org/

10.1002/ar.23445 PMID: 27507762.

27. Liu P, Li C, Zheng N, Xu Q, Yu SB, Sui HJ. The myodural bridge existing in the Nephocaena phocae-

noides. PloS one. 2017; 12(3):e0173630. https://doi.org/10.1371/journal.pone.0173630 PMID:

28278181.

28. Zumpano MP, Hartwell S, Jagos CS. Soft tissue connection between rectus capitus posterior minor and

the posterior atlanto-occipital membrane: a cadaveric study. Clinical anatomy. 2006; 19(6):522–7.

https://doi.org/10.1002/ca.20220 PMID: 16287092.

29. Scali F, Pontell ME, Welk AB, Malmstrom TK, Marshall E, Kettner NW. Magnetic resonance imaging

investigation of the atlanto-axial interspace. Clinical anatomy. 2013; 26(4):444–9. https://doi.org/10.

1002/ca.22094 PMID: 22577037.

30. James PSBR, Soundararajan R. Osteological study on the sperm whale Physeter macrocephalus Lin-

naeus from Indian Ocean. Indian Journal of Fisheries. 1981.

31. McPartland JM, Brodeur RR, Hallgren RC. Chronic neck pain, standing balance, and suboccipital mus-

cle atrophy—a pilot study. Journal of manipulative and physiological therapeutics. 1997; 20(1):24–9.

PMID: 9004119.

32. Rhode EA, Elsner R, Peterson TM, Campbell KB, Spangler W. Pressure-volume characteristics of aor-

tas of harbor and Weddell seals. The American journal of physiology. 1986; 251(1 Pt 2):R174–80.

https://doi.org/10.1152/ajpregu.1986.251.1.R174 PMID: 3728706.

33. Snyder GK. Respiratory adaptations in diving mammals. Respiration physiology. 1983; 54(3):269–94.

PMID: 6369460.

34. Nitz WR, Bradley WG Jr., Watanabe AS, Lee RR, Burgoyne B, O’Sullivan RM, et al. Flow dynamics of

cerebrospinal fluid: assessment with phase-contrast velocity MR imaging performed with retrospective

cardiac gating. Radiology. 1992; 183(2):395–405. https://doi.org/10.1148/radiology.183.2.1561340

PMID: 1561340.

35. Bilston LE, Fletcher DF, Brodbelt AR, Stoodley MA. Arterial pulsation-driven cerebrospinal fluid flow in

the perivascular space: a computational model. Computer methods in biomechanics and biomedical

engineering. 2003; 6(4):235–41. https://doi.org/10.1080/10255840310001606116 PMID: 12959757.

36. Shadwick RE, Gosline JM. Arterial Windkessels in marine mammals. Symposia of the Society for

Experimental Biology. 1995; 49:243–52. PMID: 8571227.

The myodural bridge of the sperm whale

PLOS ONE | https://doi.org/10.1371/journal.pone.0200260 July 9, 2018 10 / 11

https://doi.org/10.1007/s12565-015-0282-1
http://www.ncbi.nlm.nih.gov/pubmed/25859757
https://doi.org/10.1016/S0161-4754(99)70006-0
https://doi.org/10.1016/S0161-4754(99)70006-0
http://www.ncbi.nlm.nih.gov/pubmed/10543584
http://www.ncbi.nlm.nih.gov/pubmed/11403743
https://doi.org/10.1111/j.1526-4610.2004.04015.x
http://www.ncbi.nlm.nih.gov/pubmed/14979889
https://doi.org/10.1002/ca.20106
https://doi.org/10.1002/ca.20106
http://www.ncbi.nlm.nih.gov/pubmed/15971221
https://doi.org/10.1097/PHM.0b013e3181619766
http://www.ncbi.nlm.nih.gov/pubmed/18174844
https://doi.org/10.1177/0333102416664775
http://www.ncbi.nlm.nih.gov/pubmed/27534669
https://doi.org/10.1038/s41598-017-06863-z
https://doi.org/10.1038/s41598-017-06863-z
http://www.ncbi.nlm.nih.gov/pubmed/28811472
https://doi.org/10.1002/ar.23445
https://doi.org/10.1002/ar.23445
http://www.ncbi.nlm.nih.gov/pubmed/27507762
https://doi.org/10.1371/journal.pone.0173630
http://www.ncbi.nlm.nih.gov/pubmed/28278181
https://doi.org/10.1002/ca.20220
http://www.ncbi.nlm.nih.gov/pubmed/16287092
https://doi.org/10.1002/ca.22094
https://doi.org/10.1002/ca.22094
http://www.ncbi.nlm.nih.gov/pubmed/22577037
http://www.ncbi.nlm.nih.gov/pubmed/9004119
https://doi.org/10.1152/ajpregu.1986.251.1.R174
http://www.ncbi.nlm.nih.gov/pubmed/3728706
http://www.ncbi.nlm.nih.gov/pubmed/6369460
https://doi.org/10.1148/radiology.183.2.1561340
http://www.ncbi.nlm.nih.gov/pubmed/1561340
https://doi.org/10.1080/10255840310001606116
http://www.ncbi.nlm.nih.gov/pubmed/12959757
http://www.ncbi.nlm.nih.gov/pubmed/8571227
https://doi.org/10.1371/journal.pone.0200260


37. Alboni P, Alboni M, Gianfranchi L. Diving bradycardia: a mechanism of defence against hypoxic dam-

age. Journal of cardiovascular medicine. 2011; 12(6):422–7. https://doi.org/10.2459/JCM.

0b013e328344bcdc PMID: 21330930.

38. Noren SR, Kendall T, Cuccurullo V, Williams TM. The dive response redefined: underwater behavior

influences cardiac variability in freely diving dolphins. The Journal of experimental biology. 2012; 215(Pt

16):2735–41. https://doi.org/10.1242/jeb.069583 PMID: 22837445.

The myodural bridge of the sperm whale

PLOS ONE | https://doi.org/10.1371/journal.pone.0200260 July 9, 2018 11 / 11

https://doi.org/10.2459/JCM.0b013e328344bcdc
https://doi.org/10.2459/JCM.0b013e328344bcdc
http://www.ncbi.nlm.nih.gov/pubmed/21330930
https://doi.org/10.1242/jeb.069583
http://www.ncbi.nlm.nih.gov/pubmed/22837445
https://doi.org/10.1371/journal.pone.0200260

